This paper presents a novel methodology based on semistatic nondestructive testing of fish for the analytical computation of its textural characteristics via closed-form mathematical expressions. The novelty is that, unlike alternatives, explicit values for both stiffness and viscoelastic textural attributes may be computed, even if fish of different size/weight are tested. Furthermore, the testing procedure may be adapted to the specifications (sampling rate and accuracy) of the available equipment. The experimental testing involves a fish placed on the pan of a digital weigh scale, which is subsequently tested with a ramp-like load profile in a custommade installation. The ramp slope is (to some extent) adjustable according to the specification (sampling rate and accuracy) of the equipment. The scale's reaction to fish loading, namely, the reactive force, is collected throughout time and is shown to depend on the fish textural attributes according to a closed-form mathematical formula. The latter is subsequently used along with collected data in order to compute these attributes rapidly and effectively. Four whole raw sea bass (Dicentrarchus labrax) of various sizes and textures were tested. Changes in texture, related to different viscoelastic characteristics among the four fish, were correctly detected and quantified using the proposed methodology.
Introduction
Texture of fish is one of the principal characteristics indicative of its quality. Alterations of texture depend on many endogenous parameters including the species, sex, genetic background, and maturity. Texture is also affected by exogenous parameters such as the fish dietary history, aquaculture management in case of farmed fish, and fish handling during both slaughtering and postmortem [1, 2] . Consequently, a straightforward evaluation of fish texture using a simple methodology is very important in order to obtain information regarding its quality, namely, its freshness and/or traceability.
The evaluation of fish texture by non-destructive techniques is mainly performed via specific organoleptic methods. These are essentially based on human sensory perception to evaluate texture and, thus, involve a degree of human subjectivity. Other alternatives for the nondestructive evaluation of texture include various indirect methods based on electric stimulation [3] or image analysis [4] of fish flesh. In fish industry, the most widely used nondestructive method is the so-called finger testing: a human subject exercises pressure on the fish flesh by finger in order to empirically evaluate its hardness and elasticity [1] . Then, in finger testing too, a high degree of human subjectivity is involved. It is obvious, hence, that any method achieving nondestructive measurement of such textural attributes in an objective (unaffected by human subjectivity) manner can prove valuable in industry.
By the past, effort has been invested in achieving the nondestructive assessment of fish hardness by means of commercially available instruments such as the Zwick hardness tester. The instrument applies static pressure on the tissue (fish fillet) and the hardness value is determined after dwell times of 1 or 3 seconds. Moreover, attempts to map hardness variations to changes in fish freshness were also carried out in Schubring [5] . In this case, Zwick tester measurements were correlated with sensory-perceived freshness (Quality Index Method (QIM)).
Other attempts to estimate variations in mechanical properties of fish (stiffness and viscoelastic characteristics) and relate them to its freshness level may be found in Grigorakis and Dimogianopoulos [6] and Dimogianopoulos and Grigorakis [7, 8] . In these cases, the fish was part of a vibrating structure, which was subjected to dynamic nondestructive loading. The variations in mechanical properties were estimated in an indirect manner: one approach was to monitor specific time points of the vibrating structure's response and look for changes or patterns caused by altered fish mechanical properties [6] . Another approach was to identify a stochastic model of the structure for each test case and analyze some key characteristics pointing to changes of fish mechanical properties [7, 8] . This last work introduced modifications of the data processing in order to achieve reliable assessment of fish freshness, even when the tested fish were of different sizes/weights. Another extension of the previous scheme may be found in Grigorakis and Dimogianopoulos [9] , where the variations in mechanical properties were correlated with the dietary history of the fish. Note that, in all cases, an indirect estimation of the variation in fish mechanical properties was performed. In other words, a closed-form formula explicitly relating the raw experimental data to the considered mechanical properties was not obtainable.
The proposed methodology innovates in two ways. First, it establishes the theoretical link between fish mechanical properties (stiffness and viscoelastic characteristics, which are relevant to its textural attributes) and the data collected from the fish nondestructive testing. This link consists in a closed-form mathematical formula, which relates the mechanical properties (and, hence, textural attributes) to experimental data in an explicit manner, independently of the fish weight. Second, it allows for a more flexible testing procedure via the use of a potentially semistatic loading profile. As will be shown in Materials and Methods, the testing procedure involves the application of a ramp-like load onto the fish, the slope of which is (to some extent) configurable according to the accuracy/sampling rate of the test equipment.
The benefit of these innovations lies in the fact that, contrary to all indirect methods found in previous works [6] [7] [8] [9] and already commented upon, the user may now obtain effortlessly and reliably values for the fish mechanical properties: A given set of experimental data values may be used in conjunction with the closed-form mathematical formula to directly compute the stiffness and viscoelasticity characteristics via available curve-fitting algorithms. Moreover, the ramp-like loading profile has similarities to that used in the TPA initial loading phase. Then specific textural results obtained via the proposed method may be comparable to those from the TPA procedure, as is also highlighted in Results and Discussion.
The paper is organized as follows. In Introduction, a quick overview of the proposed methodology and its positioning with respect to other texture assessing schemes is given. In Materials and Methods, details are given on the tested fish, the testing procedure is explained, and the theoretical framework for the computation of the texture-related mechanical quantities is presented. In Results and Discussion, the application of the methodology on four whole raw sea bass (Dicentrarchus labrax) of various sizes/weights and texture is presented and commented upon. Finally, Conclusions presents some concluding remarks.
Materials and Methods

Fish.
European sea bass (Dicentrarchus labrax) was previously farmed in the experimental facilities of the Hellenic Centre for Marine Research (HCMR). Fish were slaughtered according to the custom ice-water (2 : 1 volume/volume) immersion method, weighted, and stored covered with ice (0 ∘ C) in a polystyrene box until measurement. Two batches of two fish each were sampled at 6-day interval, since sea bass sampled at similar intervals have been found to present different textural attributes both in TPA [10] and in previous studies of the authors [6, 8] . Thus, fish stored in ice for one as well as for seven days were simultaneously available for testing. These fish, namely, 1mc and 1md and 7mb and 7mc, respectively, were used to validate the proposed method.
Principles of the Diagnostic Scheme's Operation
Fish Testing Procedure.
The testing procedure involves a digital weigh scale (electronic force gauge), which can measure force exercised on its pan throughout time and store these values in a file readable by a personal computer. The fish is placed on the scale pan and a load of ramplike profile is exercised on its dorsal area (Figure 1(a) ). The application of a ramp-like load involves the use of a custommade simple structure (Figure 1(a) ). It features a conical support into which a light empty rigid tube (similar to the glass ones found in chemistry labs) is free to slide on the vertical direction with minimal lateral play. The tube's end is placed on the fish dorsal area, so that its weight is directly exercised on the fish. Subsequently, the tube is gradually filled with water under constant flow, so that its weight increases in time at a ramp-like manner. Hence, the fish may admit a ramp-like load on its dorsal area with the ramp slope being controlled via the water flow selected by the user. If water flow is reliably controlled by the user, the ramp-like loading is relatively well reproducible and may admit profiles ranging from the semistatic (a ramp increasing very slowly) to a dynamic one (a rapidly increasing ramp). Note that the choice of the ramp profile is a trade-off between successfully exciting the fish for exposing its behavior under load and satisfying the limitations of the available equipment. This trade-off will be further discussed in Results and Discussion, but in the current case the successfully tested loading rates ranged from as low as 100 up to 250 gr of water per second. In general, a rate of ca 200-250 gr of water per second (corresponding to instant wide opening of the water supply) was selected mainly because it was easily and consistently reproducible at each test run.
The pan's response in form of reactive force ( ) on the loaded fish is measured by the digital scale, and its values throughout time (hereafter referred to as response data) are stored in a file. This typical loading was repeated 40 times for each of the four tested fish. Given that the loading was almost identical for all fish, differences among the response data ( ) can only be attributed to textural changes among the fish tested, since these are the only alterable system parts. The test data were then processed by means of an algorithm described in the following section.
System Modeling and Derivation of Reactive Force Equation.
The fish, placed on the pan of the weigh scale, is represented by the Kelvin-Voigt model shown in Figure 1(b) . In essence, the Kelvin-Voigt model is a mechanical analogue of the fish formed by a solid spring element in parallel with a damping element. It provides a useful means of representing complex viscoelastic/rheological behavior in foods. Other more complex approaches also involving specific combinations of spring and damping elements include the Maxwell model (in simple or generalized versions), the Zener or Standard Linear Solid (SLS) model, and the Burger model (see [11] , ch. 5).
According to the Kelvin-Voigt model, the fish mass is suspended by a spring of constant and a damping element of constant . The spring element is considered to obey Hooke's law, meaning that when compressed by meters it reacts by means of an opposite (to the direction of compression) force equal to ⋅ Newtons. The spring element essentially represents the stiffness/elasticity of fish flesh and describes its aptitude to withstand small static load without suffering permanent deformation. The damping element is considered to obey Newton's law, meaning that when compressed at a speed of V m/sec it reacts by means of an opposite (to the direction of compression) force equal to ⋅ V Newtons. The damping element essentially represents the viscoelastic behavior of the fish flesh: in other words, its aptitude to exhibit resistance when deformed under dynamic loading.
In the current case, applying an external load ( ) onto the fish of mass causes the spring to respond by applying a force equal to ⋅ ( ) onto the mass and onto the pan, as shown in Figure 1(b) . The damping element also responds by an applying force equal to ⋅ / { ( )} onto the mass and onto the pan, as shown in Figure 1(b) . Note that ( ) and / { ( )} stand for the displacement from the equilibrium point (which is the initial position admitted due to the fish's own weight) and the speed of deformation, respectively.
The weigh scale pan is solidly placed on the ground and is not deformable, thus forming one group upon which the fish is set. That means that the group of pan-and-ground receives the forces from the spring and damping elements and responds with an equal but opposite force ( ) = ⋅ ( ) + ⋅ / { ( )}, as shown in Figure 1(b) . Applying Newton's law of motion on the mass yields
or, by suitably rearranging terms,
In (2), 2 / 2 { ( )} is the acceleration of mass during loading. This differential equation may be handled by means of system control engineering principles [12] . Applying Laplace transform in (2), one has
with ( ) and ( ) being the displacement ( ) and force ( ) signals in the Laplace domain. Recall that, in the Laplace domain, the product ⋅ ( ) corresponds to / { ( )} [the first derivative of ( )] in the time domain, whereas 2 ⋅ ( ) corresponds to 2 / 2 { ( )}. The transfer function ( )/ ( ) is then easily obtained as
As stated before, it holds that ( ) = ⋅ / { ( )}+ ⋅ ( ), meaning that in the Laplace domain
Combining (4) and (5) yields
where ( )/ ( ) is the transfer function between the loading imposed on the fish and the response force from the pan. Performing standard algebra on (6), one has
or
Equation (8) states that the reactive force ( ) expressed in the Laplace domain (or equally ( ) in the time domain) is equal to the known (since user-defined) external loading minus the response to input 2 ⋅ ( ) from the second-order dynamic system ( ) defined as
with the static gain of ( ) being equal to / . Then, provided that the response of ( ) to input 2 ⋅ ( ) can be calculated, the reactive force is also easily derived. Fortunately, it is easy to compute the response of ( ) for a multitude of inputs, since such second-order systems have been extensively studied in [12] .
Hence, one may proceed by defining the characteristic quantities of second-order systems [12] , namely, the damping factor and natural frequency , as follows:
Using (8), (9) , and (10) one has
Given that the external load ( ) applied onto the fish is characterized by a ramp-like profile, it should hold that ( ) = ⋅ . This states that the force imposed on the fish increases linearly with time and is characterized by a slope equal to . Then, from Laplace Transform Tables in [12] , the Laplace transform of ( ) is equal to ( ) = / 2 . Introducing ( ) = / 2 into the part of (11) related to ( ) yields
Equation (12) is very important since it states that the reactive force is equal to the known ramp-like loading imposed on the fish minus the also known impulse response of system ( ), which is readily available in [12] . Applying inverse Laplace transform to (12) yields
From [12] , the impulse response ( ) of the second-order system ( ) in (13) is available as
Combining (13) and (14), it follows that
with and defined in (10) and being the constant ramp slope. Note that the effect of fish mass is included in and as defined in (10), meaning that expression (15) may be used with tested fish of any mass. The constant may be defined by placing the empty tube on the pan, filling it with water using a predefined water flow value, and examining the tangent of the recorded response force ( ) in time.
A brief outline of the steps required for the computation of constants and in a direct manner based on (10) and (15) is given as follows:
(i) A fish placed on the pan is tested with a known ramplike load ( ) = ⋅ and values of response ( ) are recorded for each test run.
(ii) Each of the values ( ) recorded during the experimental test run is considered as the value given by (15) at time provided that the suitable (but unknown) values of and are used. Considering all available time instants , a curve of ( ) in time is formed.
(iii) Using curve-fitting algorithms (commonly available in software packages like MATLAB(R)), suitable values for and may be computed so that (15) reproduces the previous curve of ( ) in time.
(iv) By means of (10), the constants and may easily be computed.
Statistical Analysis.
Given that four fish are tested by means of the proposed methodology, four sets of measurements are involved. Each set includes forty data values of reactive force and consequently forty values for Kf and Bf obtained via (10) and (15) . The statistical comparison of Kf and Bf data starts with performing statistical control of their distributions. In case these are found to be normal, comparisons are processed via ANOVA, whereas in case of nonnormal distributions the nonparametric counterpart of ANOVA, namely, the Kruskal-Wallis method, is used.
Results and Discussion
Results Obtained via the Proposed Methodology.
The postmortem spoilage process has indeed a significant effect on the mechanical properties of fish. Kf and Bf values of the four studied fish appear in Table 1 . The data sets involving Kf and Bf values underwent normality testing, and, due to nonnormal distributions, results were statistically processed by Kruskal-Wallis method for the detection of potential differences between Kf 's and Bf 's of individual fish. Kruskal-Wallis method distinguished Bf 's between different fish specimens ( = 0.005) but not Kf ( = 0.843). These results are coherent with those obtained in Grigorakis and Dimogianopoulos [6] , even though the fish at that study were tested under purely dynamic loading and the stiffness and viscoelasticity were computed in a different (indirect) manner.
The post hoc grouping of the four fish appears in Table 1 . Based on this, it appears that the values for Bf of two 1-day fish do not differ, while the values for Bf of 7-day specimens are statistically significant compared to those of the 1mb fresh fish. Although the mean value of 1mc is higher than those of the two 7-day specimens, it can be grouped together with them, as well as with 1md. This implies that Bf is reduced in 7-day fish when compared to 1-day ones, with the difference in their mean values is notable. The main obstacle in exposing this difference in mean is due to the high standard deviations in data sets containing Bf and Kf values.
The values obtained for the standard deviation point to the current limitation of the proposed methodology, which is primarily related to a purely technical matter: the way that the load is applied onto the fish. The main concern is to ensure that water filling of the tube is done in the same way under all circumstances, with water level rising in a steady manner. The latter is, currently, the subject of fine-tuning efforts towards obtaining better accuracy and repeatability of testing conditions. Such improvements would result in easier discrimination between samples of different texture properties, like, in this case, between samples of 1 day and 7 days of ice storage. Finally, given that the total reactive force includes forces due to both Kf and Bf (see (5)), care should be taken when choosing the ramp loading profile. As stated in Fish Testing Procedure of Materials and Methods, the ramp load profile cannot be arbitrarily slow in practice. This is due to the fact that a very slowly increasing ramp will cause reaction mainly from the spring with constant Kf : reaction of the viscoelastic element with constant Bf will only be important if the speed of loading is high. If the latter is close to zero, meaning that an almost static ramp is applied, then computing the constant Bf becomes harder, due to its insignificant contribution to the reactive force data. In this case, the choice of a weigh scale of higher precision is necessary. Nonetheless, the proposed method provides the necessary theoretical basis for using relatively slow (semistatic) ramp profiles, under the condition that the equipment features the precision required for recording small forces accurately and consistently.
Connection with Other Studies.
It is known that fish, and sea bass in particular, becomes softer and less elastic after rigor mortis resolution, which occurs in about 6 days postmortem when stored in ice [13] [14] [15] . This sensory observation is in agreement with findings of the current study, namely, the reduced viscoelasticity of the 7th day specimens. This is also the reason for the choice of 1-day fish (which are supposed to have entered rigor mortis) and 7-day fish (which are just entering postrigor state). The present results are also in agreement with those derived for the same species by TPA [10] . In fact, Molina et al. [10] have noted a marked difference in hardness for a TPA performed (among others) on 2-dayold and 7-day-old sea bass fillets, achieving compression of 25% at a probe speed of 1 mm/sec. The same authors similarly found difference between freshly harvested (0-day-old) and 2-day-old fish, with the latter exhibiting higher hardness during rigor mortis evolution, but failed to detect hardness difference between freshly harvested prerigor (0-day-old) and 7-day-old, postrigor state fish.
It is important to note that the hardness force measured corresponds to the total reactive force in the proposed methodology in (5), and hence it includes forces due to both Kf and Bf elements. Given that Kf is found to admit comparable values for all fish tested, it seems that reductions in Bf could explain the hardness reduction between 2-dayold and 7-day-old fish in Molina et al. [10] , even though comparisons of raw force values are not straightforward: the TPA results are in terms of force values, whereas the currently proposed methodology computes constants Kf and Bf of spring and damping elements, which in turn produce the forces.
In [16] , TPA was applied to sea bass fillets of various postmortem time intervals. The TPA settings (probe and compression rate) were similar, except for the probe speed being twice as big (2 mm/sec). The results presented a hardness pattern with some similarities to the current study. These include an initial increase up to day 4 postmortem and subsequent decease from day 4 of ice storage to day 6 (and thereafter), thus providing further evidence on the validity of results in Molina et al. [10] and those presented herein.
Note also that since the first sampling occurred in day 1 postmortem, the onset of rigor mortis is in progress according to findings in Molina et al. [10] . Due to this fact, some differentiation among such individual fish is possible, which, in turn, could explain why the two 1-day samples showed different statistical grouping with respect to the 7-day fish.
Conclusions
A nondestructive methodology using semistatic test loading of fish in order to analytically compute textural attributes (relevant to fish stiffness and viscoelasticity) has been presented. The testing procedure may be (to some extent) configured in order to suit the specifications (sampling rate and accuracy) of the available equipment. Under conditions, this loading procedure may also highlight similarities between specific textural results obtained via the proposed method and TPA. The testing involves a fish placed on the pan of a digital weigh scale, a ramp-like load applied onto it by means of a simple custom-made installation, and the recording of reactive force measured by the scale throughout time. It is demonstrated that the reactive force depends upon the texture-related mechanical quantities of the fish via a closedform mathematical formula. This is, hence, used along with the data collected for a tested fish in order to compute the texture-related mechanical quantities in a rapid and efficient manner. Four whole raw sea bass (Dicentrarchus labrax) of various sizes/weights and texture were tested. Changes in texture, related to different viscoelastic characteristics among the four fish, were correctly detected and quantified using the proposed methodology.
